Rationale: Idiopathic pulmonary fibrosis (IPF) is an increasingly recognized, often fatal lung disease of unknown etiology.
Methods: We performed a case-control exome-wide collapsing analysis including 262 unrelated individuals with pulmonary fibrosis clinically classified as IPF according to American Thoracic Society/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association guidelines (81.3%), usual interstitial pneumonia secondary to autoimmune conditions (11.5%), or fibrosing nonspecific interstitial pneumonia (7.2%). The majority (87%) of case subjects reported no family history of pulmonary fibrosis.
Measurements and Main Results:
We searched 18,668 protein-coding genes for an excess of rare deleterious genetic variation using whole-exome sequence data from 262 case subjects with pulmonary fibrosis and 4,141 control subjects drawn from among a set of individuals of European ancestry. Comparing genetic variation across 18,668 protein-coding genes, we found a study-wide significant (P , 4.5 3 10 27 ) case enrichment of qualifying variants in TERT, RTEL1, and PARN. A model qualifying ultrarare, deleterious, nonsynonymous variants implicated TERT and RTEL1, and a model specifically qualifying loss-of-function variants implicated RTEL1 and PARN. A subanalysis of 186 case subjects with sporadic IPF confirmed TERT, RTEL1, and PARN as study-wide significant contributors to sporadic IPF. Collectively, 11.3% of case subjects with sporadic IPF carried a qualifying variant in one of these three genes compared with the 0.3% carrier rate observed among control subjects (odds ratio, 47.7; 95% confidence interval, 21.5-111.6; P = 5.5 3 10 222 ).
Pulmonary fibrosis describes a group of diseases generally characterized by progressive inflammation and/or fibrosis of the lung parenchyma. Pulmonary fibrosis may be further categorized to known or idiopathic causes on the basis of clinical history, radiographic appearance, and laboratory and/or histological evaluation. Idiopathic pulmonary fibrosis (IPF) is an increasingly diagnosed and often fatal lung disease associated with an estimated survival of 3-5 years (1, 2) . Novel therapeutic agents for IPF have recently been approved and have been shown to slow the course of disease progression. Lung transplant, however, remains the only treatment definitively shown to improve survival in select patients with end-stage pulmonary fibrosis, including IPF. In this context, enhancing understanding of the basic pathogenesis of pulmonary fibrosis is critical. Approximately 10% of pulmonary fibrosis cases are considered familial in origin (3) . Genome-wide association studies have revealed associations of common variants in MUC5B, SPPL2C, and TOLLIP with both familial pulmonary fibrosis (FPF) and sporadic IPF (4, 5) . Of these, the most promising has been the MUC5B promoter allele (rs35705950G.T) (4); however, these associations generally explain a small proportion of the heritability and have not always resolved to the underlying causal gene variants. By giving researchers the ability to focus specifically on the proteincoding regions of the genome, wholeexome sequencing allows identification of alleles with direct functional consequences on protein products. Indeed, most known human disease-causing variants reside within the exome (6, 7) .
Early studies of surfactant proteins A2 (8) and C (9) associated these two proteins with FPF. Yet, the best characterized examples in pulmonary fibrosis have been genes related to telomerase; specifically, variants in TERT and TERC have been found to associate with telomere shortening and increased susceptibility to FPF (10, 11) . More recently, exome sequencing of 78 European individuals with FPF identified an excess of deleterious variants in two novel genes important to telomere maintenance: PARN and RTEL1 (12) .
Exome analysis provides a highthroughput, cost-effective strategy to discover disease-causing mutations, but to date it has not been extended to the study of sporadic pulmonary fibrosis. The objectives of this study therefore were to (1) gain insight into the genetic architecture of pulmonary fibrosis by applying wholeexome sequencing to identify genes carrying an excess of rare deleterious variants in precisely phenotyped individuals with pulmonary fibrosis, (2) focus specifically on the genetics of a subset of patients with sporadic IPF, and (3) examine the relationship between rare variants associated with pulmonary fibrosis risk as identified through whole-exome sequencing and the previously reported common risk allele in the MUC5B promoter region.
Methods

Study Cohort
The case population comprised 262 unrelated individuals of European ancestry who underwent lung transplant at Duke University Medical Center for pulmonary fibrosis. All patients were clinically well characterized prior to transplant through physician interview for a complete medical history, including for family history of pulmonary fibrosis, chest computed tomography, serological evaluation, and pulmonary function testing. At the time of transplant, explanted native lung tissue was examined by an experienced lung pathologist for histological characterization of pulmonary fibrosis. For this study, a specific pulmonary fibrosis phenotype was adjudicated to each case on the basis of review of the comprehensive medical, radiographic, and histological data by a pulmonologist with expertise in fibrosing lung disease. As illustrated in Table 1, Correspondence and requests for reprints should be addressed to Slavé Petrovski, Ph.D., Institute for Genomic Medicine, Columbia University Medical Center, 701 West 168th Street, 14th Floor, New York, NY 10032. E-mail: slavep@unimelb.edu.au
At a Glance Commentary
Scientific Knowledge on the Subject: Idiopathic pulmonary fibrosis (IPF) is an increasingly diagnosed and often fatal lung disease for which no curative treatments exist. Prior genetic studies of pulmonary fibrosis have predominantly been focused on familial forms of the disease and have associated several genes and common risk alleles with disease development. The degree to which these familial genetic associations extend to sporadic IPF remains uncertain.
What This Study Adds to the
Field: We performed whole-exome sequencing to identify rare variants of protein-coding genes in a cohort of patients with predominantly sporadic IPF. Our results demonstrate a case enrichment for ultrarare deleterious qualifying variants in three study-wide significant genes: TERT, RTEL1, and PARN. Collectively, these variants, which included dominant loss-offunction alleles in RTEL1 and PARN and ultrarare missense variants predicted to be damaging in TERT and RTEL1, contributed to more than 10% of the sporadic IPF cases. This provides the first evidence that telomere-related genes previously implicated in familial pulmonary fibrosis also make a major contribution to the genetic architecture of sporadic IPF and supports a body of literature implicating telomere dysfunction as a contributor to disease development in this population.
guidelines (1) Table E1 in the online supplement).
Exome Sequencing and Bioinformatic Processing
Exome sequencing of blood-extracted DNA was performed at the Institute for Genomic Medicine at Columbia University using the SureSelect Human All Exon (65 MB; Agilent Technologies, Santa Clara, CA) or the NimbleGen SeqCap EZ version 2.0 or 3.0 exome enrichment kit (Roche NimbleGen, Madison, WI) on HiSeq 2000 or 2500 sequencers (Illumina, San Diego, CA) according to standard protocols. Wholeexome sequence data from the 262 case subjects with sporadic IPF and 4,141 control subjects were processed using the same bioinformatic pipeline (see METHODS section in online supplement).
On average, at least 10-fold sequencing read coverage was achieved for 96.9% and 95.7% of the 33.27 megabase pairs (Mbp) of the Consensus Coding Sequence (CCDS; release 14) for case and control subjects, respectively. To alleviate confounding attributable to differential coverage, for all of the 33.27-Mbp positions in the CCDS sequence, we determined both the percentage of case subjects and the percentage of control subjects who had at least 10-fold coverage at the site (see METHODS section in online supplement). An individual CCDS site was excluded from analysis if the absolute difference in percentages of case subjects compared with control subjects who achieved at least 10-fold coverage at the site was greater than 6.0% ( Figure E2 ). This site-based pruning resulted in 7.8% of the CCDS sites being excluded. All collapsing tests were then performed on the pruned 30.67 Mbp of CCDS sites (i.e., 92.2% of the CCDS) where case and control subjects had a similar opportunity to call variants. For the remaining 30.67 Mbp, on average, case and control subjects had at least 10-fold coverage for 98.1% and 97.9% of CCDS sites, respectively. To further confirm no preferential inflation of background variation, we assessed the exome-wide tally of rare autosomal synonymous (i.e., presumed neutral) variants per individual and did not find a significant difference between the case and control groups (P = 0.68) ( Figure E3 , Table E3 ). Autosomal read depth (i.e., sequencing coverage) was also consistent between case and control subjects, with a case average of 96. 35 6 25 .78 reads and a control average of 97.88 6 24.22 reads (P = 0.35 by twosample t test) (Table E3 ).
Statistical Analysis
To search for genes conferring pulmonary fibrosis risk, we implemented a genetic collapsing test (13, 14) . After site-based pruning, we focused our analyses on CCDS protein-coding sites with minimal variability in coverage between the case and control populations. As initially introduced in our earlier work (13), we use the term qualifying variant to refer to the subset of genetic variations within the sequence data that meets specific population allele frequency and predicted variant effect criteria. We defined seven different qualifying variant models (Table E4 ). Our primary model was focused on searching for "ultrarare" nonsynonymous variants to capture the category of genetic variation expected to be most enriched for variants of high effect. To identify ultrarare variants, we use internal (test cohort) and external (Exome Variant Server and Exome Aggregation Consortium release 0.3 [15] ) sequence data to find variants with a minor allele frequency (MAF) of less than 0.05% among our combined case and control test populations and absent (MAF of 0%) among the two external reference control cohorts. For the primary model, qualifying variants were restricted to indels and singlenucleotide variants annotated as having either a loss-of-function (LoF) effect, an inframe indel, or a "probably damaging" missense prediction by Polymorphism Phenotyping version 2 (PolyPhen, HumDiv; http://genetics.bwh.harvard.edu/ pph2/) (16) . These analyses relied on the predicted effects of the LoF and missense annotated variants whose functions have not been individually confirmed in the laboratory. We subsequently performed analyses of CCDS genes using six alternative qualifying variant models as defined in Table E4 , including an autosomal recessive model and a synonymous variant negative control model.
For each of the seven models, we tested the list of 18,668 CCDS genes. For each gene, an indicator variable (1/0 states) was assigned to each individual on the basis of presence of at least one qualifying variant in the gene (state 1) or no qualifying variants in that gene (state 0). A two-tailed Fisher's exact test (FET) was then performed for each gene to compare Definition of abbreviations: CTD UIP = usual interstitial pneumonia associated with connective tissue disease; IPF = idiopathic pulmonary fibrosis; NSIP = nonspecific interstitial pneumonia.
the rate of case subjects carrying a qualifying variant compared with the rate of control subjects. For our study-wide significance threshold, after Bonferroni correction for the number of genes tested across the six nonsynonymous models, the study-wide multiplicityadjusted significance threshold was calculated as a = (0.05/[6 3 18,668]) = 4.46 3 10 27 (Table E4) . We did not correct for the synonymous (negative control) model.
Because of the discordance in sexsampling rates between the case (78% male) and control (48% male) cohorts, for genes on the X chromosome, we randomly sampled 565 control female subjects from among the original female control group and ran a separate X chromosome assessment using matched male/female ratios. Thus, despite following the same qualifying criteria as the autosomes, the X chromosome tests are reported separately.
To investigate the genetics of sporadic IPF, we subsequently examined only the 186 (71.0%) case subjects confirmed to have IPF on the basis of ATS/ERS/JRS/ALAT guidelines (1) and without a family history of pulmonary fibrosis. We repeated the primary and LoF collapsing analyses to compare just these 186 case subjects with sporadic IPF with the 4,141 control subjects.
Collapsing analyses were performed using an in-house package, Analysis Tool for Annotated Variants (https://redmine. igm.cumc.columbia.edu/projects/atav). Additional binomial analyses, logistic regression analyses, and FETs were completed using the 'stats' package in R version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria).
MUC5B Risk Allele Genotyping
Genotyping of rs35705950 within the promoter region of the MUC5B gene (chr11:g.1241221G.T, NCBI Build 37) was performed with the Applied Biosystems TaqMan SNP Genotyping Assay on a 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific, Foster City, CA).
The context sequence is CCTTCCTTTATC TTCTGTTTTCAGC[G/T]CCTTCAACTG TGAAGAGGTGAACTC. Amplification was performed according to the TaqMan
Universal PCR protocol in a 5-ml reaction volume using 23 TaqMan Universal PCR Master Mix (Life Technologies, Carlsbad, CA). Of the 262 case subjects with pulmonary fibrosis, 258 were successfully genotyped at this locus. We also genotyped 342 European control subjects to generate in-house control frequency estimates for the rs35705950 variant.
Results
Insights into the Genetic Architecture of Pulmonary Fibrosis Using Exome Sequencing
In our primary analysis of the pulmonary fibrosis cohort (n = 262), we identified two genes that achieved study-wide significance ( Figure 1 , Tables E5 and E6 212 by two-tailed FET). The second gene to achieve study-wide 26 by two-tailed FET) (Figure 1 ). These results reflect the 95.7% (TERT), 84.6% (RTEL1), and 98.9% (PARN) of the protein-coding sequence of these genes that had reliable sequence coverage in both the case and control samples (Table E5) . No individual case subject carried a qualifying variant in more than one of these three genes, and a higherresolution cryptic relatedness screen confirmed that no two case subjects carrying one of four recurring TERT, RTEL1, or PARN qualifying variants (Table 2 ) shared more than 1% of their exome-wide rare protein-coding variants (Table E10) .
The results derived from the LoF model suggested haploinsufficiency as a leading disease mechanism for both RTEL1 and PARN (Tables E5 and E6) , consistent with earlier literature (12) . Among our case subjects, 2.7% had an LoF qualifying variant in PARN, as compared with no control carriers, enabling PARN to achieve study-wide significance under the LoF model (OR, .113.3; 95% CI, 23.2 to .4,593; P = 2.4 3 10 29 by two-tailed FET). RTEL1 was also significantly enriched for LoF alleles in the case subjects (2.3% vs. 0.02%; OR, 96.7, 95% CI, 11.7-4,333; P = 2.8 3 10
27 by two-tailed FET). Although TERT LoF alleles have been reported to segregate with disease in familial pulmonary fibrosis pedigrees (10, 11), our present sample of 262 case subjects with pulmonary fibrosis is not significantly enriched for putative LoF TERT alleles (1 of 262 case subjects vs. 0 of 4,141 control subjects; uncorrected P = 0.06) (Table E5) . No additional genes achieved study-wide significance across the six nonsynonymous models.
The cumulative findings for the three study-wide significant genes (TERT, RTEL1, and PARN) indicate that 11.8% of case subjects (31 of 262) and 0.3% of control subjects (12 of 4,141) carry a qualifying variant ( Figure 2 , Table 2 ). This suggests that approximately 11.5% of our case subjects with pulmonary fibrosis could be partially explained by the identified qualifying variants (OR, 46.1; 95% CI, 22.6-99.5; P = 1.5 3 10
229 by two-tailed FET). Indeed, given the 0.3% rate of qualifying variation among control subjects, we expected to see 0.76 (95% CI
) (P = 0.5 by twosample t test). No significant difference was found when we assessed the proportion of case subjects where the clinical pulmonary fibrosis diagnosis was strictly IPF and not usual interstitial pneumonia associated with connective tissue disease or fibrosing nonspecific interstitial pneumonia (29 of 31 carriers and 184 of 231 noncarriers; P = 0.08 by FET), and no significant difference was observed for sex, with the male proportion among carriers being 74.2% (23 of 31) compared with that among noncarriers at 78.4% (181 of 231) (P = 0.6 by FET). A negative control analysis was also performed, which confirmed no enrichment of synonymous genetic variation across the three studywide significant genes (1.1% of case subjects vs. 0.9% of control subjects; P = 0.74 by two-tailed FET).
The 262 case subjects accounted for 5.95% of the overall test cohort. Of the autosomal synonymous qualifying variants (neutral model), 5.85% were found to belong to case subjects, which indicated a close match between the proportion of individuals in the test set who were case subjects and the proportion of synonymous (neutral) qualifying variants in the test set that were found in case subjects (P = 0.77 by binomial exact test). After establishing the lack of case enrichment for synonymous variation, we binned the collection of variants found among the three study-wide significant genes into various frequency and effect bins to identify categories that significantly departed from the synonymous variation background rate. Among these three genes, the two classes that stood out were LoF annotated variants (P = 8 3 10 217 ) and ultrarare missense variants predicted to be "probably damaging" by PolyPhen-2 (P = 5 3 10 215 ). There was little additional signal contributed by increasing the MAF to 0.1% or relaxing the in silico PolyPhen-2 criteria ( Figure 3A , Table E7 ).
We also used a multivariate logistic regression model to specifically assess the relative contribution that variant effects and allele frequency bins have on pulmonary fibrosis risk among these three genes (see METHODS section in online supplement; Figure 3B ). This approach ensured that each qualifying category is relative to the same baseline category and is naturally adjusted for variation in the other categories (see METHODS section in online supplement). For missense variants, in comparison with the risk contribution from PolyPhen-2 "probably damaging" variants that are ultrarare in the population (OR, 30.7; 95% CI, 14.1-70.5; P = 3.0 3 10 217 ), neither the "probably damaging" missense variants that are more common nor those predicted to be nondamaging by PolyPhen-2 contributed substantial additional disease risk (Figure 3 ).
Subanalysis of Familial Pulmonary Fibrosis and Sporadic Idiopathic Pulmonary Fibrosis
Our cohort of 262 case subjects with pulmonary fibrosis included 33 subjects with FPF. We found that 8 (24.2%) of our 33 case subjects with FPF have a qualifying variant in one of these three pulmonary fibrosis genes, as compared with 0.3% of our control cohort. The contribution of these three genes to the genetics of this FPF group is striking (24.2% vs. 0.3%; OR, 108.6; 95% CI, 35.4-323.3; P = 7.2 3 10 213 by two-tailed FET).
To assess the genetic signal in a strictly homogeneous sporadic IPF cohort, we restricted our case cohort to the 186 individuals with no reported family history of pulmonary fibrosis and who were clinically confirmed to have IPF on the basis of ATS/ERS/JRS/ALAT guidelines (1). Comparison of these 186 IPF case subjects with the 4,141 control subjects showed that the three genes remained study-wide significant in sporadic IPF ( Figure E4 , Table E8 ). TERT achieved a P value of 1.7 3 10 29 on the basis of 4.8% of case subjects with sporadic IPF carrying a The ExAC genotype distribution reflects the corresponding homozygous reference, heterozygous variant, and homozygous variant counts found in the ExAC browser of up to 60,706 samples. Annotations for qualifying variants derived from models other than the primary and LoF model are available in Table E9 in the online supplement. Refsnp (rs) single-nucleotide polymorphism identifiers are provided where available. A higher-resolution relatedness screen confirmed that no two cases carrying one of the recurring TERT, RTEL1, or PARN qualifying variants shared more than 1% of their protein-coding variants at a minor allele frequency less than or equal to 1% (Table E10) .
*See Table E4 in the online supplement for details.
qualifying variant, as compared with 0.14% of control subjects (OR, 34.9; 95% CI, 11.0-120.7). RTEL1 achieved a P value of 1.4 3 10 27 (2.7% case subjects vs. 0% of control subjects; OR, .114; 95% CI, 20.7 to .5,208). PARN achieved a P value of 1.6 3 10 27 (3.8% of case subjects vs. 0.12% of control subjects; OR, 32.2; 95% CI, 8.7-130.1). Remarkably, we found that, among the sporadic IPF collection, 11.3% of samples carried a qualifying variant in one of these three IPF genes, as compared with the 0.3% rate seen among control subjects (OR, 47.7; 95% CI, 21.5-111.6; P = 5. . Enrichment levels of different qualifying variant categories among the three study-wide significant pulmonary fibrosis genes. We compared enrichment of qualifying variants across increasing minor allele frequency (MAF) and varying in silico effects to assess which variation type was most attributable to pulmonary fibrosis disease risk. (A) Six paired comparisons were done to a single background variation estimate: the percentage of exomewide ultrarare autosomal synonymous variants that belong to the case subjects (8,279 of 141,449; Ps = 0.0583). (B) Forest plot derived from a multivariate logistic regression assessing the relative contribution of different qualifying variant categories. All categories are mutually exclusive (see METHODS section in online supplement). The loss-of-function (LoF) category represents LoF variants with an MAF less than or equal to 0.1%. The LoF category is prematurely truncated for illustrative purposes; however, the effect size and 95% confidence interval (CI) are provided. The missense probably damaging ultrarare category includes variants predicted to be "probably damaging" by Polymorphism Phenotyping version 2 with an MAF less than 0.05% in the test population and absent in Exome Variant Server (EVS) and Exome Aggregation Consortium (ExAC release 0.3.1). The missense probably damaging MAF less than or equal to 0.1% represents variants not in the ultrarare category and that are predicted to be "probably damaging" with a MAF less than or equal to 0.1% across the test population, EVS, and ExAC cohorts. The missense "possibly/benign" category includes missense variants predicted to be "possibly damaging" or "benign" with a MAF less than or equal to 0.1% across the test population, EVS, and ExAC cohorts (including ultrarare possibly/benign missense variants). The "neutral" category represents ultrarare putatively neutral (synonymous) variants across the three pulmonary fibrosis genes (TERT, RTEL1, and PARN). N/A = not applicable; OR = odds ratio.
Relationship between Identified Rare
Variants and the Known MUC5B Common Risk Allele
Compared with both the 1000 Genomes Project European control subjects (19) and in-house European control data, our collection of European ancestry case subjects with pulmonary fibrosis showed an elevated rate of the MUC5B promoter risk allele rs35705950G.T (MAF, 31.6% of case subjects vs. 11.0% of control subjects; OR, 3.7; 95% CI, 2.7-5.1; P = 8.8 3 10 219 ) ( Table 3) . Although this elevated rate is consistent with prior literature (4), it is remarkable that the MUC5B risk allele remained significantly elevated among individuals with a qualifying variant in the three study-wide significant IPF genes (Table 3) , suggesting the possibility of an oligogenic model contributing to pulmonary fibrosis disease risk.
Discussion
This study provides new evidence that three telomere-related genes (TERT, RTEL1, and PARN) previously implicated in FPF also confer risk for sporadic IPF. The relevance of this study is far reaching. It not only provides insight into the ultrarare variant genetic architecture of IPF, which should encourage the ongoing sequencing of larger case populations, but also, by correcting for background variation, provides a catalog of genetic variation in these three pulmonary fibrosis genes that is enriched for IPF risk alleles. This work, like our previous studies in other disorders (13, 14) , also provides a powerful example of an analytic approach that can be employed to manage the volume of rare variant data generated through exome analysis of disease populations. Our results suggest that IPF could be characterized by modest locus heterogeneity, perhaps in part owing to the careful clinical phenotyping in this cohort, including the highly unique aspect of lung tissue assessment for histological characterization of fibrosis.
Although patients with IPF and other idiopathic fibrosing lung disorders have been shown to have significantly shorter telomeres in leukocytes or alveolar epithelial cells than control subjects, these observations have been incompletely explained by mutations in TERT or TERC, suggesting that other genes could be involved (20, 21) . Our results provide further support for recent studies implicating deleterious variants in RTEL1 and PARN (12, 17) as additional genes critical to telomere maintenance and thus provide possible explanations for the shorter telomere lengths observed in the pulmonary fibrosis population. The PARN gene encodes a poly(A)-specific RNase protein that has been shown to regulate gene expression through deadenylation and thus shortening of mRNA poly(A) tail length (22) . With regard to pulmonary fibrosis, by using induced pluripotent stem cells from patients, Moon and colleagues showed that patients with a disrupted PARN gene have decreased levels of TERC, thus highlighting the important role for PARN in the biogenesis of TERC and further showing that depleted TERC levels could be returned to normal after restoring PARN (23). The RTEL1 gene encodes the regulator of telomere elongation helicase 1 protein. As the name suggests, the RTEL1 protein is an ATP-dependent DNA helicase that has been shown to be crucial both for regulating telomere length and also for preventing genetic instability through its role in DNA repair mechanisms (24) . Growing evidence suggests that defects in telomere maintenance predispose affected individuals to epithelial cell dysfunction. In particular, telomere defects have been associated with epithelial cell senescence, alveolar epithelial stem cell failure, and an impaired epithelial response to injury (25, 26) .
None of the patients in our cohort had the classic multisystem clinical manifestations of dyskeratosis congenita (DC), a disease hallmarked by skin and nail changes, bone marrow failure, and organ fibrosis. Whereas the prevalence of pulmonary fibrosis is low in the general population (0.01 to 0.06%) (27) , it is a common comorbidity with DC (28), and 8 of our 31 TERT, RTEL1, or PARN case variant observations (Table 2) have been reported previously in DC (24, 29, 30) . This is consistent with IPF involving a disease mechanism driven by telomere dysfunction, a mechanism recognized to be responsible for various genetic disorders with a spectrum of clinical manifestations, including lung fibrosis (31) . This overlap also suggests that variable expressivity could be more common among TERT, RTEL1, or PARN risk allele carriers than previously appreciated.
Across the various qualifying variant criteria, including an LoF-specific analysis (Table E4) , we did not find significant enrichment of rare qualifying variants among other reported DC genes (DKC1, NHP2, NOP10, TINF2, and WRAP53) (Tables E5, E6 , and E8). We did not identify any NAF1 LoF qualifying variant carriers among this collection of 262 cases (32). We did not find an enrichment of rare qualifying variants among genes that have been associated with pulmonary fibrosis risk via genome-wide association study loci (MUC5B, TOLLIP, SPPL2C, DSP, MAPT, and DPP9) (5, 33) . Given that our study was focused on the protein-coding exome, its design is not amenable to assessing the RNA-encoding TERC gene, a gene previously implicated in both DC and pulmonary fibrosis risk, and thus some of our TERT, RTEL1, or PARN qualifying variant noncarriers may carry risk alleles in this noncoding gene. The knowledge of IPF risk associated with variants in the TERC noncoding gene also raises an interesting opportunity to investigate in future genome sequencing studies the contribution to IPF disease risk of ultrarare noncoding variants in noncoding genes such as TERC and also the noncoding sequences of implicated protein-coding genes such as TERT, RTEL1, and PARN.
This study does not rule out the possible influence of more complex patterns contributing to IPF risk among the TERT, RTEL1, or PARN qualifying variant noncarriers. However, given the remarkable signals identified using 262 case subjects, we also anticipate that it is likely that additional IPF risk genes, each explaining smaller fractions of the patient population, will be identified by analyzing larger case samples using this analytical framework focused on rare deleterious variations.
Our conditional analysis emphasizes that a large genetic component of pulmonary fibrosis risk is mediated by dominant LoF alleles in RTEL1 and PARN, and for TERT and RTEL1, missense variants predicted to be damaging and below the lowest currently detectable frequencies in the general population (i.e., absent in Exome Aggregate Consortium and Exome Variant Server; MAF, ,0.001%). For some of the LoF variants in PARN and RTEL1, there is evidence derived from the external reference cohorts to support the possibility of incomplete penetrance, as reported Table 3 . All allelic and trend tests were performed by comparison with a set of 342 in-house rs35705950 genotyped European control subjects. "All PF" column reports results derived from the full set of European case subjects with pulmonary fibrosis successfully genotyped for rs35705950. "Familial PF" column reports results for the subset of case subjects with a self-reported family history of pulmonary fibrosis. "Sporadic IPF" presents results for a homogeneous pulmonary fibrosis cohort with confirmed no reported family history of pulmonary fibrosis and clinically confirmed to have IPF on the basis of American Thoracic Society/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association guidelines. "All PF QV carriers" column reports results for the set of 31 case subjects with pulmonary fibrosis with a qualifying variant in one of the three study-wide significant genes. "In-House Control Subjects" column displays a sampling of 342 European control subjects genotyped using the same assay employed for the case genotyping. 1KGP EUR column gives the genotyping results derived from the 1000 Genomes Project (phase 3 European samples). *No significance (allelic or additive model) was observed when we compared the 31 PF QV carriers with the remaining 227 PF QV noncarriers (P . 0.1). †
Adopting the recursion equations in function HWExact of R package HardyWeinberg.
previously in FPF pedigrees (12) and also similarly described in our earlier findings derived using this same framework to associate LoF alleles in TBK1 with amyotrophic lateral sclerosis risk (13) . We also found that deleterious variants in IPF genes as well as the presence of genetic risk factors might collectively cause or modify the disease phenotype, as reflected by a possible oligogenic model. This could in part explain the incomplete penetrance of some of the PARN, RTEL1, and TERT deleterious variants reported in earlier familial studies (12) . In our data, the MUC5B promoter risk allele frequency remained significantly enriched among case subjects carrying a qualifying variant in one of the three study-wide significant pulmonary fibrosis disease genes, albeit at a lower rate than among noncarrier case subjects. A similar observation was previously reported (34) . Certainly, such a proposed oligogenic model requires further studies with screening of larger cohorts of familial and sporadic pulmonary fibrosis case subjects to better elucidate the nature and extent of the possible oligogenic model.
Because lung transplant is currently the only intervention demonstrated to improve survival in select candidates with advanced pulmonary fibrosis, our results may provide a new opportunity to better understand post-transplant outcomes in this population. Previously published case series have demonstrated that although lung transplant is feasible in patients with mutations in the telomerase genes TERT or TERC, these patients experience a higher rate of post-transplant complications, including leukopenia, thrombocytopenia, and renal failure (35) (36) (37) . Broadening the assessment of potential lung transplant recipients with pulmonary fibrosis to include evaluation of established genetic variations in TERT, RTEL1, and PARN may help clinicians better inform patients of potential risks and tailor treatment interventions, such as choice of immunosuppressive agents, in anticipation of these complications.
In conclusion, we have demonstrated that three telomere-related genes previously implicated in FPF also confer risk for sporadic IPF, contributing to more than 10% of the genetic risk in this population. This work provides genetic evidence that telomere dysfunction also plays an important role in sporadic pulmonary fibrosis. An additional novelty is the enrichment of the MUC5B promoter allele among individuals with ultrarare PARN, RTEL1, and TERT qualifying variants, suggesting the possibility of a more complex oligogenic model contributing to the development of pulmonary fibrosis. Further genetic stratification of pulmonary fibrosis may aid in understanding or improving lung transplant outcomes in these patients. It is also plausible that genetic stratification could provide an effective approach to identifying individuals most likely to benefit from existing or newly developed treatments. We anticipate that the catalog of risk alleles, enriched for disease-causing variants, in the three pulmonary fibrosis genes we have defined could assist in delineating meaningful genetic subphenotypes. n Author disclosures are available with the text of this article at www.atsjournals.org.
